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The substrate was purified by DEAE-Sepharose CL-6B 
ion exchange chromatography, Pevikon block electro-
phoresis, and ACA-54 gel filtration chromatography. 
This modified purification procedure resulted in a 19% 
substrate yield. 
Amino acid analysis of the purified substrate was per-
formed following treatment in SDS, alkylation in 4-vinyl 
pyridine, and hydrolysis with methane sulfonic acid. 
Results included significant levels oflysine and glutamic 
acid, low levels of cystine and methionine, and a high 
amount of an amino acid eluting in identical position 
with authentic citrulline. 
Studies of the sedimentation equilibrium of the sub-
strate showed a monodispersed protein with a molecular 
weight of 36,780 ± 350. Ultrastructural studies of insol-
uble high molecular weight aggregates of the substrate 
revealed globular, amorphous masses lacking fibrillar 
structure. Using Ouchterlony double diffusion tech-
niques, the initial substrate (36,000 m.w. substrate) and 
the soluble crosslinked high molecular weight substrate 
were shown to be immunologically identical. 
Indirect immunofluorescence was performed on 
freeze-dried sections of bovine snout epidermis using 
substrate specific rabbit antiserum and fluorescein-con-
jugated goat anti-rabbit lgG. Fluorescence was seen 
throughout the cytoplasm and inner cell membrane of 
granular cells, but was limited to the inner membrane of 
stratum corneum cells. 
Epidermal transglutaminase substrate is an amor-
phous, globular, citrulline containing protein s~the­
sized in the cytosol of keratinizing cells with ultimate 
localization in the cell membrane. 
Cells of the epidermal granular layer contain the enzyme 
epidermal transglutaminase which catalyzes the formation of 
intermolecular e-(y-glutamyl) lysine bonds in structural pro-
teins [1-5]. Protein aggregates. containing these bonds have 
been identified in urea-thiol extracts of human epidermis [6] 
and were isolated from highly insoluble protein lining the inner 
membrane of keratinocytes in cell culture [7]. 
Recently we described the isolation and purification of a 
specific substrate for epidermal transglutaminase, a calcium 
dependent enzyme which mediates e-(y-glutamyl) lysine cross-
linking in the granular layer of epidermis [8]. This substrate 
was soluble in buffer extracts of bovine snout epidermis and 
was identified using antiserum to isolated high molecular weight 
substrate proteins recovered after crosslinking by the enzyme. 
It was shown to have a molecular weight of approximately 
36,000 by gel filtration chromatography and could be reduced 
to subunits of 8,000-10,000 molecular weight by sodium dodecyl 
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sulfate . In the presence of Ca++ and transglutaminase the 
purified substrate was converted to a series of crosslinked 
polymers which under conditions of high initial protein concen-
tration included a highly insoluble protein aggregate. The E-
(y-glutamyl) lysine isodipeptide was identified in the high mo-
lecular weight products of crosslinking but not in the 36,000 
molecular weight initial substrate. 
In this paper we present a modified method for substrate 
purification that allows for increased yield, describe som e bio-
chemical and physiochemical characteristics of the substrate, 
and localize it histochemically in the epidermis. 
METHODS 
Materials 
Epidermal transglutaminase (30 amine incorporating units/ml of 
specific activity) [3], antiserum to epidermal Lransglutaminase, and 
antiserum to isola ted crosslinked transglutaminase substrate and anti-
serum to 36,000 m.w. substrate were prepared as previously described 
[3,8]. 
Diethylaminoethyl (DEAE) Sepharose CL-6B was produced by 
Phru·macia (Uppsala, Sweden), ACA-54 gel by LKB Western Instru-
ments, Inc. (Pleasant Hill , CA) and Pevikon beads for zone electropho-
resis by Mercer Chemical Co. (Amityville, NY). 
Sigma Chemical Co. (St. Louis, MO) supplied protein standards for 
gel ftltration and electrophoresis and fluorescein isothiocyanate used 
for histochemical studies. All other reagents were the finest grade 
available. 
Modified Purification Procedures 
A soluble supernatant was prepru·ed from bovine epidermis as pre-
viously described [8]. The supernatant was dialyzed against 0.025 M 
ammonium acetate buffer pH 8.5 in the presence of 0.001 M EDT A 
(extracting buffer), applied to an ion exchange column of DEAE-
Sepharose CL-6B, and washed with 1 liter of the acetate buffer. The 
column was developed with a linear gradient to 0.7 M NaCl in stru-ting 
buffer . This and all subsequent steps were carried out at 4°C. 
Fractions eluted from DEAE-Sepharose which formed a precipitin 
line in agar with antiserum to 36,000 m.w. transglutaminase substrate 
were pooled, concentrated to 5 ml by ultra-filtration using a UM-2 
membrane (Amicon Corp., Lexington, MA) dialyzed against acetate 
buffer, pH 8.5, applied to the origin of a 20 X 40 X 2 em Pevikin block 
[9], and electrophoresed at 10 v / em for 20 hr. Proteins were eluted f1·om 
1 em segments of the block by aspiration. 
Immunoreactive fractions were concentrated to 1.2 mJ, dialyzed, and 
subjected to ACA-54 gel filtration. The peak containing antigen was 
noted to be symmetric and separate from other recovered peaks. When 
compared to protein standru·ds this protein was calcu lated to have a 
molecular weight of approximately 36,000. 
Antiserum to Initial Substrate 
Purified initial substrate, 1.0 mg in 0.5 ml buffer, was emulsified with 
an equal volume of Freund's complete adjuvant and injected into rabbit 
foot pads. Thereafter, 0.7 mg of antigen in 0.5 ml was emulsified with 
an equal volume of incomplete adjuvant and was injected subcutane-
ously every other week until high titers of precipitating antiserum 
appeared. T his antiserum was then used to identify immunochemically 
cross-reactive proteins in EDT A-treated buffer extracts and histochem-
ical preparations. 
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Characterization Studies 
An accurate molecular weight of the highly purified substrate (2 mg/ 
ml in 0.1 M NaCI) was determined by approach to sedimentation 
equilibrium in a Beckman Model E analytical ultracentrifuge (Beckman 
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Instruments, Palo Alto, CA) equipped with in terference opt ics. Cen-
t rifugation was carried out at 9284 rev/min for 72 hr at 20°C. The data 
obtained were used to calculate molecular weight, according to the 
method of Di Camelli et al [10]. 
Amino ac id ana lysis was performed on the purified substrate. The 
protein was first treated with 0.1% SDS, pH 8.5, alkalated in 4-vinyl 
pyridine [11], and hydrolyzed for 22 hr in 4 N metha ne sulfonic acid 
[12,13]. (This method allowed for the preservation of citrulline) . Cys-
teine and cystine were measu1·ed as s-,8-4-pyridyl ethyl cysteine. 
In order to determine the ul trastructme of the insoluble crosslinked 
substrate, purified initial substrate (1 mg/ 1 ml in TBS pH 8.0) was 
allowed to crosslink in the presence of purified bovine epidermal 
transglu taminase and 0.002 M CaCl fo r 60 min at 37°C. T he resul ting 
precipi tate was suspended in TBS and a drop dispersed on the grid of 
a P hillips 300 electron microscope and viewed directly. 
Preparation of the Tissues for Histological Study 
Bovine snout t issue specimens were biopsied and freeze dried as 
previously described [14]. 
Substrate-specified antiserum was precipitated with 33% cold neutral 
satmated ammonium sulfate. After a 30 min equilibration period, the 
precipitate was removed by centrifugation and taken up in !1.1 t he 
origina l serum volume of TBS, extensively dialyzed against the same, 
and stored at -20°C until needed. Pre-immunization contro l serum was 
prepared the same way. 
A 1.0 ml aliquot of the concentrated antiserum was serially dialyzed 
against carbonate-bica1·bonate buffer, pH 9.0, 4 mg fluorescein isothio-
cyanate in 50 ml carbonate-bicarbonate buffer and finally aga inst Tris 
buffered saline, pH 7.5. The final conjugation product had a flu orescein: 
protein rat io of 2.6 and was used as a 1:10 dilution in TBS. It yielded a 
s ingle flu orescent precipitation line when diffused in agar against crude 
or highly pw·ified epidermal transglu taminase substrate. 
Pre-immune rabbit serum obtained before immunization was simi-
larly concentrated and conjugated to fluorescein . This control serum 
had a fluorescein: protein ratio of 2.1 and did not precipi tate with the 
subst rate in agar. 
Absorbed ant iserum was prepared by incubating specific antiserum 
for 6 hr at 4 oc with purified substrate at a concentration determined to 
be near equiva lence by Ouchterlony diffusion. Controls were incubated 
with TBS. 
Tissue Staining Procedures 
For histochemical staining, freeze-dried sections were fixed for 45 
min in a ru·ying chamber containing vapor satw·ated with para formal-
dehyde. The sections were then individually placed on a drop of 
fluorescein-conjugated antiserum, allowed to incubate 30 min at 27°C, 
then washed with several changes of TBS and mounted in 1:10 Tris-
buffered glycerol. Viewing was done in a Zeiss ul traviolet photomicro-
scope with a BG-3 excitor and 500 nm barrier filter. 
RESULTS 
Substrate Purification 
The substrate eluted from DEAE-Sepharose CL-6B at a 
relative salt concentration of 0.2 M as determined by immuno-
reactivity with specific antiserum (Fig 1) . Pooled fractions 
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FIG I. DEAE-Sepharose CL-6B ion exchange cru·omography of ace-
tate buffer soluble epidermal proteins. X indicates fractions reactive 
with antiserum to initial substrate. T indicates fractions reactive with 
antiserum to epidermal transglutaminase. 
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Ftc 2. Pevikon block electrophoresis of pru·tially purified substrate 
from DEAE-Sephru·ose. After 20 hr at 10 v/ cm the substrate is found 
in a single peak 33 em from the origin while the enzyme is fo und at 17 
em. 
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FIG 3. Ultrogel ACA-54 gel filtration of substJ·ate-containing frac-
t ion from Pevikon electrophoresis. Immunoreactivity coincides with a 
peak of protein elu t ing at a pos;tion equivalent to a molecular weigh t 
of 36,000. · 
conta ining the substrate were con cen trated a nd recovered in 
the retentate. In the second purification step, Pevikon electro-
phoresis, the substrate migrated as a negatively ch aTged protein 
and was recovered in a single peak at approximately 33 em from 
the origin. Furthermore, it was clearly separated from its e n -
zyme, e pidermal transglutaminase, which was eluted 17 em 
from the origin (Fig 2). 
The substrate was finally purified by ACA-54 gel filtration 
chromatography (Fig 3) a nd was identified immunoch emically 
as the third eluting prote in p eak. It was calculated , versus 
known molecular weight proteins, to have a n approximate 
molecular weight of 36,000. 
The yield of substrate after each purification step (Table I) 
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was calculated from the area of a precipitin r ing created by 
diffusion of the substrate into 1.5% agar gels containing 7.5% 
substrate-specific antiserum. Results were compared with a 
standard curve made from dilutions of pUl·ified substrate of 
known protein concentration. 
Biochemical Characterization 
The substrate behaved as a single homogeneous species in 
the analytical ultracentrifuge (Fig 4). A molecular weight of 
36,780 ± 350 was calculated from sedimentation equ ilibrium 
data and was in close agreement with results of ACA-54 chro-
matography. 
When analyzed for amino acid content (Table II) the sub-
strate protein from 2 seperate purifications was determined to 
contain a total of 346 residues/mole of substrate with an average 
of 13.46 residues/100 residues of glutamic acid and 5.65 of 
lysine. These values were similar to those published previously 
for insoluble bovine stratum corneum protein [15]. The sub-
strate was also found to contain low levels of both methionine 
and half cystine and 2.38 moles % of an amino acid which co-
chromatographed on the amino acid analyzer with authentic 
citrulline. 
The in vitro ultrastructural pattern of the insoluble cross-
linked substrate, formed when enzyme crosslinking occurred in 
the presence of substrate concentrations in excess of 1 mg/ ml, 
formed no specific structure. 
Histochemical Localization 
When tested in an Ouchterlony double diffusion plate (Fig 5) 
versus purified substrate, antisera specific to both initial and 
crosslinked high molecular weight substrate formed a line of 
identity confirming that they are immunologically identical. 
Freeze-dried, vapor-fixed bovine epidermal tissue slices 
\ 
TABLE l. Yield of substrate during typical, modified purification 
Purification Protein 
s tep (mg) 
Crude 1476 
DEAE-CL-6B 158 
Pevikon 87 
ACA-54 17 
.06 
.05 
-..... 
E: 
~ 
"-::. 
'J 
.04 
<l 
procedure 
48 
Substrate Sub-
protein strate 
88 0.060 
42 0.265 
33 0.379 
17 1.000 
49 
q (cm 2 ) 
Purifi - % 
cation Yield 
100 
4 48 
6 38 
16 19 
50 
FIG 4. Data from sedimentation equil ibrium study plotted as fringe 
deviation (L'>.QJ (em)) versus the square of the radius of rotation (q 
(cm2)). 
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TABLE II. Amino acid analysis: R esidues/ 100 residues 
9.22 Theonine 
10.43 Serine 
13.46 Glutamic ac id 
5.65 Lysine 
4.50 Proline 
8.44 Alanine 
6.32 Valine 
8.19 Leucine 
0.70 Tryptophane 
2.38 Citrulline 
1.63 Tyrosine 
2.46 Arginine 
1.13 Histidine 
3.14 Isoleucine 
8.80 Glycine 
0.63 Methionine 
0.97 Half cystine 
2.67 Phenylalanine 
8. 71 Aspartic ac id 
FIG 5. Ouchterlony double diffusion plate showing single precipitin 
line of identity produced by antiserum to initial substrate (A) and 
crosslinked high molecular weight substrate (B), versus purified initial 
substrate (center well). 
bound labeled substrate specific antiserum throughout the cy-
toplasm of the malpighian cells (Fig 6a) with no fluorescent 
labeling of either the membrane or nucleus. Cells of the lower 
granular layer (Fig 6b) showed the same fluorescent cytoplas-
mic pattern. However, in cells found in the upper granular 
regions, fluorescence was seen at the periphery of the cytoplasm 
as well. When cells of the stratum corneum (Fig 6c) were 
examined fluorescent labeling was limited entiTely to membrane 
structures. Fluorescence was not apparent in either the dermis 
or sections stained with antiserum which had been previously 
absorbed with purified substrate antigen. Although use of 
freeze-dried sections in localization studies prevents sensitive 
focusing of the free floating tissue and causes some minimal 
distortion of cellular structure, this technique allows for locali-
zation of soluble substrate in the malpigan and granular layers 
not retained in frozen tissue preparations. 
DISCUSSION 
Epidermal transglutaminase substrate has been purified from 
bovine snout epidermis, characterized and localized histochem-
ically in the epidermis. The modified method presently de-
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FIG 6. a, Indirect immunofluorescence of cow snout epidermi show-
ing staining of lower Malpighian cell cytoplasm by FITC-labeled anti-
serum to substrate, but sparing of cell nuclei and menbranes. No 
staining of dermal structw·es is seen (reduced from X250). a = dermal 
papilla. b = dermo-epidermal junction. b, Cytoplasmic staining of mid-
Malpighian cells (reduced from x250). c, Staining of stratum corneum 
cells is limited to inner aspect of cell membrane (reduced from X250). 
scribed here for substrate pUI·ification not only results in an 
increased protein yield, but allows for complete separation of 
epidermal transglutaminase from its substrate by means of 
charge differentiation. This is a prelude to accurately controlled 
crosslinking experiments to determine such kinetic parameters 
as minimum enzyme and substrate concentrations needed to 
initiate formation ofthe E-(y-glutamyl) lysine bond in vitro, and 
the differential effects of calcium alone versus calcium and 
enzyme on aggregation and crosslinking. 
The pmified substrate had a molecular weight of 36,000-
36,780 by 2 different techniques: gel filtration clu-omatography 
and approach to sedimentation equilibrium. 
The electrophoretic behavior of the substrate on acrylamide 
gels in the presence of sodium dodecyl sulfate (SDS) has been 
previously described (8] and was confirmed by gel filtration 
chromatography of the pmified substrate in the presence of 
m ea and SDS (data not shown) . The apparent change in 
molecular weight under these conditions can be explained by 
reduction of the protein into 4 closely equivalent subuni ts each 
of approximately 8,000-10,000 molecular weight. Since dissocia-
tion of the substrate is not seen with disulfide reducing agents 
alone, or in the presence of EDT A, one must conclude that 
these subunits are held together by hyc:b-ogen bonding or other 
noncovalent forces. 
When analyzed for amino acid content, the purified sub trate 
was determined to have low levels of both methionine and 
cysteine. Other notable findings included 16.71 residues/ 100 
residues of glutamic acid and 9.80 of lysine. These 2 values are 
similar to those published by Matoltsy (15] for mea-insoluble 
extracts of bovine stratum corneum protein. From om histo-
chemical results we know that the insoluble crosslinked sub-
strate is ul timately localized in the membrane of cells in this 
region and has the same immunochemical and solubility char-
acteristics as the membrane protein of the stratum corneum. 
Furthermore, amino acid analysis showed an unusually high 
level (1.54 residues) of what is assumed to be the amino acid 
citrulline. Interest!ngly, citrulline has previously been described 
as an important component of y-glutamyl bond-containing 
structural proteins of the inner root sheath and medulla of the 
hair follicle (16-18]. These proteins are thought to be substrates 
for hair follicle transglutaminase. The citrulline residue is prob-
ably derived from arginine residues by an enzymic modification 
of the guanidine side chain. 
Indirect immunofluorescent localization of the substrate in 
epidermis demonstrated a progressive change in intracellular 
site of the protein from totally cytoplasmic, in the lower layers, 
to primarily me111brane-associated, in upper granular and stra-
tum corneum layers. This progression is consistent with en-
zyme-catalyzed changes in physiochemical properties with 
crosslinking described above. 
A recently published report by Rice and Green described a 
92,000 mw protein acceptor for dansyl cadaverine in human 
tissue cultme cells (19]. Antiserum to this acceptor protein 
stained the inner membrane of stratum corneum cells suggest-
ing a relationship between that protein and the 36,000 mw 
substrate we have described. However, because the human 
protein was not shown to crosslink itself and because both 
species and methodology varied from those presented here, 
direct comparison must be reserved until more information is 
available. 
Thus ·we have traced formation of the membrane lining 
protein ,both biochemically and histochemically from an ini ti~ 
soluble cytoplasmic protein to an insoluble, membrane-associ-
ated protein aggregate containing E-(y-glutamyl) ~y~ine bond_s. 
This process of transformation of the membrane-hmng protem 
is cmrently being examined. 
The authors with to express appreciation to Dr. Peter Steinert for 
amino acid analysis of the substrate and to Dr. Demitrios Rigas for 
determining its sedimentation equilibrium. 
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